Positive temperature coefficient (PTC) materials usually suffer from the low intensity and poor reproducibility, which will limit their service time under harsh thermal control conditions. In this paper, both the functionalized carbon black (CB) and multi-walled carbon nanotubes (MWNT) were introduced into the high-density polyethylene (HDPE) matrix to achieve the improved PTC behaviors. The CB/ MWNT/HDPE and CB/HDPE composites were respectively prepared through solution-melt mixing method, and their PTC behaviors were investigated. The results show that the HDPE composites filled with the modified CB exhibit better PTC effect than those filled with raw CB due to the anti-oxidation action of coupling agent. Moreover, it was found that the addition of a small amount of MWNT (0.7 wt%) into the HDPE composites with CB (18 wt%) could make larger intensity ($6.5) and better reproducibility of PTC behavior. The synergistic effect of the modified CB and MWNT on improving the service time of PTC effect was further explored. The use of multi-dimensional carbon fillers was expected to provide a new route to fabricate high-performance polymeric PTC materials with a potential application as flexible temperature-resistivity sensor.
Introduction
The three typical temperature-resistivity behaviors for conductive polymer composites (CPCs) include positive temperature coefficient (PTC) effect, negative temperature coefficient (NTC) effect, and zero temperature coefficient (ZTC). The CPCs are usually fabricated by mixing an insulating polymer matrix with different types of conductive llers such as metallic powders, 1 carbon black (CB), [2] [3] [4] [5] [6] carbon nanotubes (CNTs), [7] [8] [9] [10] carbon ber (CF), 11, 12 graphite nanobers (GNF), 13, 14 etc. The resistivity of PTC materials has a sharp increase around the melting temperature (T m ) of crystalline polymer. This effect is widely used in the electrical industry, such as, the over current protective device, self-regulating heater, 15 and micro-switch sensors, 16 
etc.
Compared with other traditional materials, the polymer-based PTC materials have many advantages, such as, excellent formability, exibility, light weight, large energy efficiency and high security. 17 However, these PTC materials also have some disadvantages, such as NTC effect, poor reproducibility and mechanical property. Therefore, the high-performance PTC materials still remain to be explored in the future.
As previously reported, a lot of methods were adopted to solve the problems above. From the point of polymer matrix, Wei et al. studied the CB/PP/UHMWPE composites with a segregated structure by using binary polymer granules, and achieved an ultralow percolation threshold, a wider PTC region and a zero NTC effect. 18 From the point of the ller, Shen et al. investigated the addition of the mixture of CB and CF to improve the PTC effect of polymer-based composites. 19 It was concluded that the electrons were transported over the CFs, and the CFs can be considered as the bridges to connect the CB particles. This network structures could increase the density of conductive paths, resulting in the reduced electrical resistivity. 20, 21 Dang's group remarkably improved the dispersion of conductive llers by surface modication method, which could largely decrease the resistivity of the PTC materials.
22-24 Some researchers employed the carboxylated MWNT (c-MWNT) to increase the conductivity of polymer-based PTC composites.
25-27
However, some intrinsic drawbacks still exist in the materials, 28, 29 such as, (1) low PTC intensity resulting from the oxidation of conductive particles at elevated temperature and (2) poor PTC reproducibility due to the irreversible motion of conductive particles during thermal cycling process. These drawbacks greatly restrict the application of the polymer-based PTC materials in some critical circumstances, such as, high temperature, large applied currents, and high applied voltages.
In order to overcome the intrinsic drawbacks in the traditional CB lled polymeric PTC materials, CB nanoparticles were usually modied by the silane coupling agent and titanate coupling agent. Meanwhile, the MWNT was chosen as the second ller due to their excellent electrical, mechanical and thermal properties. [30] [31] [32] [33] In this study, the functionalized-CB and MWNT were well dispersed in the HDPE matrix by using solution-melt mixing method, and the polymeric PTC materials with low ller content, high PTC intensity and stable PTC repeatability were achieved. The synergistic effects of the modied-CB and MWNT on the intensity and reproducibility of PTC behavior of the HDPE composites were also discussed. 
Experimental

Surface modication of the CB nanoparticles
Prior to use, the surface of CB nanoparticles was modied using 1.0 wt% silane coupling agent (A171) and titanate coupling agent (NDZ-311) to improve their dispersion and compatibility in the HDPE matrix. Firstly, the silane coupling agent was dissolved in methanol, and the titanate coupling agent was dissolved in isopropanol, respectively. Secondly, the two mixed solvents were respectively mixed with CB in a ball mill for 2 h to enable the coupling agent to evenly cover the CB surface. Aer vaporizing the solvent, the silane coupling agent was further reacted with CB at 120 C in a vacuum oven for 2 h and the titanate coupling agent dried at 70 C in a vacuum oven for 2 h, and then CB was ltered by the distilled water and then dried in a vacuum oven for 4 h. Finally, two kinds of modied CB denoted as CB-1 (modied by A171) and CB-2 (modied by NDZ-311) were obtained. For comparison, the unmodied CB nanoparticles were denoted as CB-0.
Fabrication of the HDPE composites
The HDPE composites were prepared by solution-melt mixing method as follows. The MWNT and CB were rstly dispersed in ethanol by ultrasonication for 1 h. Subsequently, prior to the melt mixing, the mixture was mixed with the HDPE uniformly and then dried at 70 C in a vacuum oven for 5 h. The HDPE blends with various amounts of MWNTs and CB were prepared using Haake rheometer at 180 C and 60 rpm for 10 min.
Finally, the blends prepared by this master batch process were compressed with a hot press under 20 MPa at 180 C for 10 min, and then slowly cooled down to room temperature under pressure and the CB/MWNT/HDPE composites with a thickness of 1 mm and a diameter of 12 mm were obtained. For comparison, the CB/HDPE composites were also prepared.
Characterization
The functional groups of modied CB nanoparticles were conrmed by Fourier transform-infrared (FTIR) spectra using KBr pressed disks (Thermo Nicolet 6700, USA) with the characteristic absorption from 4000 to 400 cm À1 . All samples were tested at room temperature. Morphology of the cross-section surface of HDPE composites was observed using a eld-emission scanning electron microscopy (SEM, S-4700, Hitachi, Japan) with accelerating voltage of 20 kV. The samples were fractured in liquid nitrogen and the fractured surface was sputtered with gold before SEM observation. Thermal behaviors of the composites were measured by differential scanning calorimetry (DSC, TA-60WS) at a heating and cooling rate of 5 C min À1 under a nitrogen atmosphere. The PTC effect of HDPE composites was measured using two-probe method by employing a digital multimeter when each sample was heated in the oven at a rate of 5 C min À1 . A thermocouple was touched on the center of sample surface and the temperature data can be obtained timely. In order to investigate the reproducibility of the PTC behavior, the electric resistivity measurements were conducted for ten heating cycles. Each sample was about 12 mm in diameter and the thickness was measured with a micrometer before using. The two sides of the samples were painted uniformly by one thin silver paste as an electrode to reduce the contact resistance and then were dried in the oven for 1 h.
Results and discussion
Chemical structures of the nanoparticles
The FT-IR spectra of the coupling agent, unmodied CB (CB-0) and modied CB nanoparticles (CB-1 and CB-2) are shown in Fig. 1 . Compared with the CB-0, the new peak at around 1090 cm À1 for the CB-1 shown in Fig. 1a indicates that the silicon oxygen bonds were reacted with hydrogen bonds. As shown in Fig. 1b , the absorption peaks at 2959 cm À1 , 2932 cm À1 and 2874 cm À1 are attributed to the C-H stretching vibration of the methyl group. Thus, the CB nanoparticles have been functionalized by the coupling agent of A171 and NDZ-311, respectively, which would give rise to good dispersion and miscibility of CB-1 and CB-2 in HDPE matrix. Schematic diagram of modied CB by the coupling agents A171 and NDZ-311 is shown in Fig. S1 . † 3 . This indicates that the modication of CB with coupling agent of A171 and NDZ-311 leads to its good dispersion in the HDPE matrix. Meanwhile, it can be seen that a little MWNTs are uniformly distributed in the composites as shown in Fig. 2b 1 -b 3 . The small amount of MWNTs dispersed in the CB/HDPE composites may help the reformation of the conductive paths caused by volume expansion during the repeated heating-cooling cycles.
Differential scanning calorimetry (DSC) curves
To make a further understanding of the inuence of ller content on PTC effect, the melting behaviors of pure HDPE, CB/HDPE and CB/MWNT/HDPE composites were characterized by DSC measurement. The melting curves of pure HDPE and HDPE lled with 20 wt% CB are shown in Fig. 3a . For pure HDPE, it can be seen that there is only one melting peak at about 131 C. Notably, the melting peaks of the CB/HDPE composites are slightly C. This suggests that the introduction of CB has little effect on the intrinsic thermal properties of HDPE matrix. Moreover, Fig. 3a also shows the coupling agents of A171 and NDZ-311 have little inuence on melting peaks. Similarly, the melting curves of pure HDPE and HDPE lled with CB/ MWNT (18/0.7 wt%) are shown in Fig. 3b . The melting peak of HDPE lled with CB/MWNT (18/0.7 wt%) is also at 131 C as shown in Fig. 3b . Meanwhile, the CB nanoparticles modied by coupling agent of A171 and NDZ-311 shows little inuence on the melting peak which is also at 130 C. The melting peak has a deep inuence on the thermal-electrical properties, and the conductive network will have a sudden change.
PTC behavior of the CB/HDPE composites
PTC intensity is dened as the logarithm of the ratio of the maximum resistivity to the resistivity at room temperature as follows:
PTC intensity ¼ log(r max /r RT )
where r max is the maximum resistivity, r RT is the resistivity at room temperature. The PTC behavior of the CB-0/HDPE composites with different CB-0 loading was presented as shown in Fig. S2 . † Fig. 4 shows the effect of coupling agent of A171 and NDZ-311 on PTC behavior of the HDPE composites. The mass fraction of CB is xed as 20 wt% which is near percolation threshold of the system, which is shown in Fig. S3 . † It can be seen that the PTC intensities of HDPE composites lled with CB-0, CB-1 and CB-2 are 5.45, 6.29 and 6.45, respectively. It is because that the dispersion of modied CB in HDPE matrix is more uniform than that of the CB-0, and the coupling agents of A171 and NDZ-311 show various effects in PTC intensities. The increase of PTC intensities of the CB-1/HDPE and CB-2/HDPE composites comes from the reaction of coupling agent with polar groups on the surface of CB that prevent the movement of the electrons. Moreover, the reaction of coupling agent alleviates the oxygen and increases the interfacial action between CB and HDPE, which could improve the PTC intensities. Thus, the whole conductivity increase due to the elimination of impurities and the good interface action between CB and HDPE. Fig. 5 shows the log volume resistivity of HDPE composites lled with the CB-0 (18 wt% and 20 wt%, respectively) and different MWNT contents as a function of temperature. It can be seen that the log resistivities of CB-0/MWNT/HDPE composites at room temperature are much lower than that of CB-0/HDPE. With increasing the content of MWNT from 0.3 to 2 wt%, their resistivities at room temperature and their maximum resistivity decrease. This is because that MWNT has the special onedimensional nanotube structure with larger contact surfaces to form conductive paths than CB particles with spherical shape do. Thus, MWNTs play a role of bridge-linked on connecting CB particles to easily form conductive network in the HDPE matrix, thus resulting in higher electrical conductivity. Moreover, there is a close relationship between the PTC intensity and MWNT contents. As shown in the PTC charts (inset of Fig. 5) , the CB-0/ HDPE (18 wt%) composites with 0.7 wt% MWNT loading show the highest PTC intensity of 5.76, while the CB-0/HDPE (20 wt%) composites with 2 wt% MWNT show the lowest PTC intensity of 2.29. The resistivity peaks are observed at 132 C for CB-0/HDPE nanocomposites and at 135 C for CB-0/HDPE nanocomposites lled with MWNTs, respectively. The temperatures are slightly higher than the melting point of HDPE (which is approximately 130 C, as determined by DSC from Fig. 3 ). These results may be due to the fact that the MWNTs bridge the non-contacting CB particles and connect the short conducting paths, thus forming a network structure shown in Fig. 2b . Therefore, the resistivity of the composites containing CB and MWNTs is not as sensitive to changes in temperature as that of the composites containing only single ller before the transition temperature. That is, the polymer composites require enough efficient volume expansion to break off the formed network at higher temperature.
PTC behavior of the CB/MWNT/HDPE composites
Reproducibility of PTC behavior of the CB/MWNT/ HDPE composites
The resistivities of CB-0/HDPE composites and modied-CB/ HDPE lled with 0.7 wt% MWNTs as function of temperature during ten heating-cooling cycles are presented in Fig. 6 . As shown in the inset of Fig. 6a , when the heating-cooling cycle is up to ten times, the PTC intensity of CB-0/HDPE composites decrease from 5.94 to 5.15, showing poor reproducibility. As shown in Fig. 6a , it is found that the rst cycle curve is obviously different from the subsequent curves and the room temperature resistivity increases with increasing number of heating cycles. This phenomenon may be attributed to the volume expansion of matrix which would break the conductive networks formed by CB. Due to the weak interfacial adhesion between the CB nanoparticles and HDPE matrix, it is difficult for the conductive paths of CB to reform during the repeated heating cycles. Moreover, compare with the CB-0/HDPE, the CB-1/HDPE and CB-2/HDPE composites show the excellent reproducibility as shown in Fig. 6b and c. We can see from Fig. 6b that the PTC intensity of the CB-1/HDPE increases to 6.0, which still keep good reproducibility aer ten heating-cooling cycles. Besides, the PTC intensity of CB-2/HDPE composites is up to 6.5 as shown in Fig. 6c . This is because that the polymer chains and llers were connected by the coupling agent through chemical bonding, resulting in relative stable conductive networks. The coupling agent of A171 and NDZ-311 can not only separate CB nanoparticles during the expansion of matrix at high temperature, but also could make them return their original position when the temperature is cooled down. Compare with A171, the coupling agent of NDZ-311 shows better effectiveness in improving the PTC intensity. That is because the NDZ-311 has long chain covered on the surface of CB nanoparticles and shows better anti-oxidation with the increasing temperature. Fig. 7 shows schematic diagram of PTC behavior of the HDPE composites lled with CB-2 and MWNT during heatingcooling process. The coupling agents of NDZ-311 were covered on the CB surface with chemical bond by ball mill, which can forms a bonding layer. This means that the modied CB nanoparticles have better anti-oxidation ability and keep better electrical conductivity at elevated temperature, compared with the raw CB. With the thermal volume expansion in the matrix, some conductive networks will be broken as shown in Fig. 7c . As the movement of CB-2 nanoparticles and rupture of MWNTs near the melt point, the conductive network would be broken, and the resistivity has a great increasing trend. With the decrease of temperature, it will result in volume shrinkage in the HDPE matrix, and the CB-2 nanoparticles and MWNTs corporately rebuilt the conductive network. The MWNTs play an important role on decreasing the volume expansion and maintaining the position of CB particles in a relative stable conductive networks. It helps to make high-performance PTC materials using the synergistic effect between the modied CB particles and MWNTs.
To demonstrate their potential applications as the temperature-sensing resistor, the typical CB/MWNT/HDPE (18/0.7 wt%) composite resistors under a low voltage were fabricated and their real-time PTC effect as illustrated in Fig. 8 . The composites resistor at room temperature (25 C) was considered as the initial state, it can be seen that the LED light in the circuit is bright. With increasing the temperature, the LED light becomes dark as shown in Fig. 8b due to the increased resistivity of the composites resistor. However, the LED light is found to become bright again as shown in Fig. 8c , which is due to the reformation of conductive networks during the cooling process. Thus, it can be concluded that the CB/MWNT/HDPE composite have the great potential to be used as one good candidate for heat sensitive resistor applications.
Conclusions
In this work, CB nanoparticles were successfully modied by two kinds of coupling agent (A171 and NDZ-311) through solution mixing method. Then the bonding layer was formed on the surface of CB, which can effectively prevent the oxidation of amorphous CB particles at elevated temperatures and facilitate the compatibility between the CB and HDPE matrix. By addition of 20 wt% CB modied with A171 and NDZ-311, PTC intensity of the HDPE composites increased by 15.4% and 18.3%, respectively. Besides, it is worth noting that the addition of small amount of MWNTs (0.7 wt%) can obviously decrease the CB concentration and ensure larger PTC intensity. This is because that the MWNT could serve as one bridge to connect the CB nanoparticles, which could reduce volume expansion of the HDPE matrix and facilitate the formation of conductive networks. Besides, aer ten thermal cycles, the CB-1/MWNT/ HDPE (18/0.7/82) and CB-2/MWNT/HDPE (18/0.7/82) exhibited higher stability and reproducibility of PTC effect, compared with the CB-0/MWNT/HDPE (18/0.7/82). Thus, the addition of functionalized CB and MWNT into HDPE matrix can realize the improved intensity and reproducibility of PTC effect. This work could provide an effective method to increase the service time of polymeric PTC material under harsh thermal control conditions.
